A metal-ceramic composite, nickel reinforced with SiC nanoparticles, was synthesized and characterized for its potential application in next-generation molten salt nuclear reactors. Synchrotron ultra-small-angle X-ray scattering (USAXS) measurements were conducted on the composite. The size distribution and number density of the SiC nanoparticles in the material were obtained through data modelling. Scanning and transmission electron microscopy characterization were performed to substantiate the results of the USAXS measurements. Tensile tests were performed on the samples to measure the change in their yield strength after doping with the nanoparticles. The average interparticle distance was calculated from the USAXS results and is related to the increased yield strength of the composite.
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Introduction
Structural materials used in reactor plants need to have suitable strength and resistance to irradiation. Among the candidates for next-generation nuclear reactors, the molten salt reactor has attracted worldwide interest owing to its high efficiency in fuel utilization and its low production of nuclear waste (US Department of Energy, 2002; Waldrop, 2012) . However, the structural materials in this reactor face a unique challenge: corrosion attack from the molten fluoride salts. A nickel-based alloy (commercial trademark Hastelloy N) was developed to resist this corrosion (Leblanc, 2010) . However, the face-centred cubic (f.c.c.) structure of nickel is more vulnerable to helium embrittlement, resulting from the aggregation of He atoms inside the alloy induced by neutron irradiation. Structural features on the nanometre to micrometre length scale, e.g. grain boundaries, point/line defects, precipitates etc., are known to trap these He atoms and hence inhibit the growth of helium bubbles (Xia et al., 2006) . Oxide dispersion-strengthened steel is a successful irradiationtolerant material in which the dispersed oxide nanoparticles act as helium trapping sites. However, oxides are vulnerable to molten salt corrosion. Recently, SiC nanoparticles (NPs) have been used as a reinforcing material to improve the tensile properties of aluminium-based alloys (Saberi et al., 2009; Izhevskyi et al., 2001) . SiC single crystals, fibres and composites have displayed strong irradiation resistance (Ohshima et al., 2013; Malherbe, 2013) . Therefore, we have developed a bulk Ni-SiC NP composite manufactured via spark plasma sintering (SPS) for potential application in molten salt reactors (Yang, Huang, De Los Reyes et al., 2015) . This material exhibits a much improved capability to absorb helium and hence mitigate helium embrittlement compared with pure ISSN 1600-5767
# 2016 International Union of Crystallography nickel (Huang et al., 2016; Zhou et al., 2015) . In this study, we performed synchrotron small-angle (SAXS) and ultra-smallangle (USAXS) X-ray scattering experiments on Ni-SiC samples. The size distribution and density of the particles were calculated from the experimental data. These results are related to the yield strength and are discussed below.
Sample preparation
Our Ni-1wt%SiC NP samples were prepared by mixing nickel powders (99.6% purity), with an average particle size of 3.5 mm, and -silicon carbide NPs (-SiC NP , 99.9% purity), with an average particle size of 30 nm, in a weight ratio of 99:1. The mixture was milled for 36 h using a planetary ball mill (QM-3SP4). The milled powders were first die-pressed into cylindrical powder compacts at a pressure of 20 MPa, and then sintered at 40 MPa and 1423 K for 25 min in an SPS furnace (KCE-FCT-HP D 25/4-SD) under vacuum (10 À5 bar; 1 bar = 10 5 Pa). For comparison, an unreinforced pure nickel sample was also prepared by the same process using nickel powder only. After sintering, the samples were heat treated for 50 min at 1373 K, with subsequent room-temperature water quenching. Bulk coupons were cut from these quenched samples using molybdenum wire cutting. Samples that would be used for the X-ray scattering measurements were punched into discs of 3 mm diameter and then polished down to around 30 mm thickness. Samples of other sizes were also cut from the same mother coupon to be prepared for the electron microscopy experiments and tensile tests.
USAXS and electron microscopy measurements
Preliminary SAXS measurements were carried out on beamline 16B of the Shanghai Synchrotron Research Facility (SSRF) at the Shanghai Institute of Applied Physics. The range of scattering vector magnitude q, which is defined as the momentum transfer of the X-rays [q = (4/)sin, where is half the scattering angle and is the wavelength of the incident radiation], was 0.004-0.15 Å
À1
. We conjectured from the SAXS data that there was more information hidden in the lower-q range. Hence, USAXS measurements were carried out on beamline 9ID-C of the Advanced Photon Source (APS) at Argonne National Laboratory . This USAXS instrument combines a Bonse-Hart-type camera with a pinhole SAXS camera capable of covering a q range of 1 Â 10
. This extends the measured feature size from less than 1 nm to more than 1 mm. Since our USAXS data collected at the APS fully covered the q range of the SAXS data measured at the SSRF, and the values of the scattering intensities within this range coincided very well, the data modelling and analysis that are presented in this paper were based on the measurements conducted at the APS.
The USAXS measurements were performed in the slitsmeared configuration and covered a q range from 0.0001 to 0.3 A À1 . The USAXS data were extended in range by the use of a pinhole SAXS camera, available at the same instrument as part of its standard capabilities. The SAXS data covered a q range of 0.04-1.4 A
. The X-ray energy was 18 keV. The USAXS data were desmeared to remove the slit-smearing effects and then merged with the SAXS data. All data were corrected for instrumental scattering and background. The intensities were calibrated absolutely in units of dAE/d using primary USAXS absolute intensity calibration (Zhang et al., 2010) . The two-dimensional SAXS data were reduced using the Nika package developed in Igor Pro (Ilavsky, 2012) . Data desmearing and modelling were carried out using the Irena package developed in Igor Pro .
We also performed transmission electron microscopy (TEM) measurements on an Ni+SiC sample that was cut from the same mother piece as the scattering sample, to observe the SiC particles in the nickel plate. The result is compared with that from the scattering data. Finally, scanning electron microscopy (SEM) measurements were carried out to examine the surface roughness of the samples used for the USAXS/ SAXS measurements.
USAXS results and discussion
The scattering intensities from two samples, pure nickel and SiC dispersed in nickel, are shown in Fig. 1 . The difference between the two profiles is the increased scattering intensity for the doped sample between q of 0.001 and 0.1 Å
À1
. The scattering from the SiC-containing nickel sample shows a 'hump' in this q range, while that from the pure nickel sample decreases nearly linearly on a log-log scale. The corresponding length scale for this hump in real space is around 30 nm. We attribute this hump to scattering from the dispersed SiC NPs. Both samples scatter strongly at low q values between 0.0001 and 0.0005 Å Scattering data for pure nickel (blue squares) and for SiC NPs dispersed in nickel (red circles). The inset shows the agreement between the two data sets collected at two synchrotron facilities on the same sample containing SiC NPs (red dots, USAXS+SAXS at the APS, green circles, SAXS at the SSRF).
scale of one to several micrometres. We attribute this low-q scattering to the surface roughness (resulting from the sample preparation) and also, to a lesser degree, to grain-boundary scattering, which has a much smaller scattering contrast compared with surface roughness. The details of the data modelling and analysis are explained below.
Before discussing details of the data analysis, we note that the interior structures of the two samples are different, not only because of the NPs per se, but also because introducing NPs into the nickel matrix leads to a smaller grain size. Owing to the different grain sizes in the two samples, the background scattering of the metal matrix may be different. Hence, the simple subtraction of two sets of data can not be used to separate the scattering from the NPs. However, the surface preparation of the samples was the same, so the modelling of the surface scattering from one sample should be close to that for the other. Fig. 2(a) shows the scattering from the pure nickel sample and the modelling of it. The whole scattering curve can be modelled as a combination of the scattering originating from two sources:
Surface roughness and possibly grain boundaries lead to the scattering signal in the low-q zone (black dashed line) I 1 (q), while the source of the high-q scattering (blue dashed line) I 2 (q) above 0.003 Å À1 is less obvious. It might still be the surface roughness, but at a much smaller scale than that of a large scratch, e.g. dents. Possibly, this could also be grain boundaries. This I 2 (q) scattering is relatively weak compared with the scattering from the sample containing SiC particles in the same q range. Each component of the scattering was modelled as spheres in a dilute system. However, it is worth pointing out that spheres are not a good approximation for surface roughness. The major purpose of this modelling was to separate the scattering due to SiC NPs from the background scattering due to the Ni matrix.
The radius of the spheres for each component was selected to follow a lognormal distribution. The scattering intensity of such a system follows the formula
where r and v are the radius and volume, respectively, of each individual scatterer, r m is the mean radius, is the deviation of the radius distribution, and (Á) 2 is the scattering contrast. In the pure nickel sample, assuming scattering from the surface roughness, the contrast is between the nickel and voids (vacuum).
The volume distribution of the scatterers is shown in Fig. 2(b) . The total volume percentage of the larger scatterers is 0.267%, while that of the smaller scatterers is 0.049%. Fig. 3 shows the modelling result for the scattering data from the Ni-SiC sample. The total scattering profile is divided into two parts. At low q, the scattering is dominated by scattering from the surface roughness and, possibly, grain boundaries, similar to the pure nickel sample. At intermediate and high q, the scattering from the SiC NPs dominates, as seen in Fig. 3(a) . Again, we used for the scatterers a model of a lognormal distribution of spheres (in a dilute system) for both the surface scattering and the SiC NPs. The scattering contrast labelled I 1 (q) is between Ni and the vacuum, while that labelled I 2 (q) is between Ni and SiC. The total volume of the scatterers representing surface roughness is 0.32%, which agrees with the total volume of scatterers in the pure nickel sample. The size distribution of the SiC NPs suggests that most of the particles have a diameter in the range 20-200 nm.
We have plotted the size distribution results for the two samples together for comparison (Fig. 4a) . The groups of larger scatterers in the two samples, which represent surface scattering, are approximately in the same size range, i.e. a few hundred nanometres to a couple of micrometres. Note that our estimate of the surface roughness was based on the model of spherical scatterers, which is not the real shape of the surface roughness. On the basis of the geometry of our measurement setup (transmission mode) and the probing range of USAXS, the scattering data are more sensitive to information in the plane of the sample surface within a few micrometres. In Figs. 4(b) and 4(c), we show the SEM images of the surfaces of the two samples. The surfaces were scratched by the polishing process and long parallel stripes can be seen on both samples, as well as some dents. The widths of the stripes are roughly a few hundred nanometres up to couple of micrometres. Given the size of the dents shown in the images, our modelling result for the estimate of surface roughness is reasonable.
The number density of SiC NPs from our modelling result is also consistent with the TEM statistics, except for the smallest particles, as presented in Fig. 5 . The modelling suggests a higher number density of smaller SiC particles than was observed under the electron microscope. We think the USAXS modelling result is more reliable, owing to the limited sampling volume and statistics under TEM. From Figs. 5 and 3 we can also conclude that the SiC NPs are more or less evenly distributed in the Ni matrix, otherwise we should have seen traces of larger SiC particles in the SiC scattering. This would also result in a reduction in the volume of small primary SiC particles we have found in the sample.
The number density of the total SiC NPs in our composite sample is 1.47 Â 10 14 cm À3 . The average interparticle distance of SiC NPs, Ã, can be estimated from the number density as Ã ' 1/n 1/3 . From these calculations, the interparticle distance is around 189 nm.
The total volume percentage of SiC particles was found to be 2.29%. The sample was synthesized with 99% nickel and 1% SiC by weight, corresponding to 2.73% SiC by volume. The discrepancy in the SiC volume ratio between the model and the calculation is around 16%. We attribute this difference to the surface finishing process. In the last step of sample preparation, we used SiC paper to polish the samples. The grain size of the SiC paper was around 1.5-2 mm. It is likely that this polishing step polished away the hard dispersed SiC NPs from the surface layers of the sample, hence lowering the total volume percentage of SiC. The estimation of the loss is straightforward. The thickness of our sample is 26.7 mm. If SiC NPs were evenly distributed over the sample volume, we can estimate the loss of SiC through the effective thickness of SiC NPs that actually exist. Since the surface was polished by a medium with a grain size of 2 mm, we can conjecture that an approximately 2 mm thick layer of sample containing the SiC particles was removed from the front and back sides of the sample, respectively. This loss of SiC as a percentage would be 2 Â 2/26.7 = 15%, which agrees with the difference between the modelling result and that calculated from the weight ratio. This conjecture was confirmed by the SEM result, as shown in Fig. 6 . Fig. 6(a) is a SEM image of the Ni-SiC sample. We can see the rough surface with scratches. The distributions of elements Ni, Si and C within the rectangular area in Fig. 6(a) were obtained via energy dispersive X-ray spectroscopy (EDS) scans (Figs. 6b-6d ). From these images we can easily see the loss of Si and C right at the scratches, while the Ni is much more evenly distributed. 
Modelling of mechanical properties
We also investigated the effect of the doping SiC NPs on the mechanical properties of the samples, specifically the yield strength of nickel. Ideally, two factors would contribute to an increase in yield strength. One comes from the second phase strengthening mechanism (Bae et al., 2002; Hotař & Palm, 2010) , which in our case originates from SiC NPs impeding the movement of dislocations. The other factor is the grain size refining effect (also known as the Hall-Petch effect; Hall, 1951; Lasalmonie & Strudel, 1986; Mabuchi & Higashi, 1996) , which suggests that a smaller grain size provides more barriers for the dislocations to overcome. The Ni grain size is significantly smaller in the presence of SiC NPs, as revealed by an electron backscatter diffraction (EBSD) examination (details below).
The second phase strengthening can be quantified using the formula
where is the strength force factor, M is the Taylor factor, is the shear modulus, b is the Burgers vector magnitude and Ã is the interparticle distance. From the USAXS modelling, we have 189 nm for the value of Ã. With typical Ni parameters (Lambrecht et al., 2010) , equation (3) results in a value for Á p between 87 and 174 MPa. On the other hand, the HallPetch equation describes the relationship between the grain size and the yield strength of the material as
where D GB is the size of the grains, 0 is a constant related to the internal stress in the material and K 1 is the Hall-Petch slope, which is considered to be a measure of grain boundary resistance to slip transfer. The value of K 1 can be obtained by comparing the yield strength and grain size of an SiCcontaining sample before and after annealing, as explained in the following section.
Measurement and evaluation of mechanical properties
Tensile tests were performed on a pure Ni sample and an Ni+SiC NP sample that had been cut from the same mother piece as the scattering samples. The samples were prepared as dogbone-styled tensile specimens with lengths of 4.5 cm using a wire-electrode cutting machine. All tensile specimens were polished and tested using a Zwick Amsler 100HFT 5100 tensile testing machine with a constant strain rate of 0.0007 s À1 . As Table 1 shows, adding SiC NPs into the nickel polycrystalline structure increases the yield strength from 59 MPa for pure nickel to 364 MPa for nickel with SiC NPs.
In order to evaluate K 1 , we annealed a set of Ni+SiC NP samples to change the grain size. This group, consisting of one sheet and three tensile test samples, was aged at 1123 K for 250 h in a high-temperature test furnace (GG21100), and a second group of samples was kept at room temperature as reference samples. The grain size grew during the hightemperature ageing from 1.5 to 1.9 mm . The grain size of the Ni-1wt%SiC NP composite was measured on the sheet sample using EBSD within the scanning electron microscope. The yield strength value was decided by averaging the three tensile test samples. The yield strength before and after annealing was obtained in the same way as described above. By using these values of grain size and yield strength for the samples before and after annealing, in the Hall-Petch equation we obtained a K 1 value of 43 MPa mm 1/2 . We then used this value to estimate what the increased yield strength should be when going from pure nickel to SiCcontaining nickel and obtained a value of around 937 MPa. The increased yield strengths originating from the two assumed factors were calculated and are shown in Table 1 well as the actual yield strengths measured via tensile testing. The increased yield strength calculated from these two effects [937 + (87-174) = (1024-1111)] is much larger than the measured value (364 À 59 = 305).
The increased yield strength from the second phase effect was calculated using the interparticle distance deduced from the USAXS modelling, which is smaller than the total increment, as it should be. But the increased yield strength estimated from the Hall-Petch equation was much larger. We attribute the overestimation to the abnormally large K 1 , which was calculated on the basis of the tensile testing of the Ni+SiC NP sample itself before and after annealing. The annealed Ni+SiC NP displayed remarkably improved tensile strength, hence giving rise to an overestimated K 1 . We attribute this mechanical improvement to the nano-and microstructural changes during annealing. There are two major changes. The first is that the Ni+SiC NP sample is only 98.5% dense before annealing (Yang, Huang, De Los Reyes et al., 2015) according to our previous test. Thus, many voids were eliminated during the annealing treatment of the sample. The second is that, during annealing, the density of dislocations decreases. Both these changes reduce the defects and improve the integrity of the sample. So the increased yield strength estimated from the Hall-Petch effect is much larger than it actually should be.
Summary and conclusions
USAXS measurements were performed on pure Ni and Ni1wt% SiC NP samples to examine the distribution of SiC NPs. Using the collected absolute scattering intensity data and modelling, we have shown that SiC NPs are approximately evenly distributed on the nanometre scale into the nickel metal using the method of spark plasma sintering. The size distribution and number density of the SiC NPs were obtained from USAXS data modelling and the interparticle distances were calculated on this basis. The results are consistent with those from TEM. We also analysed the surface roughness of the sample as an integral part of the whole modelling. The result was confirmed by SEM, which strengthens the validity of our modelling. Tensile tests were carried out on the bulk samples to check the change in yield strength. The increment due to the second phase strengthening effect was estimated using the interparticle distance obtained from the USAXS measurements. The result is reasonable according to the tensile tests. The other increment, due to the Hall-Petch effect, was larger than the actual value and possible reasons have been suggested.
